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Abstract 
A new porosity determination method for nano- and sub-micron particles is proposed, 
which is based on single particle inductively coupled plasma mass spectrometry (spICP-
MS) measurements. The performance of the new method was tested on core-shell Ag-
Au, hollow Au and mesoporous SiO2 nanoparticles of different size and porosity and it 
was found that its accuracy and precision (e.g. 1-2 rel.%) are comparable to those of 
reference methods, such as small angle X-ray scattering (SAXS), gas adsorption or 
transmission electron microscopy imaging (TEM). It can be applied to nano- and 
submicron particles in the complete mesoporous pore (2-50 nm) range. The application 
to macroporous particles is also possible, but it is limited in size to particles that can be 
fully decomposed by the plasma. The proposed new spICP-MS method provides an 
advantageous set of features that is unparalleled among the porosity determination 
methods, namely i) it only requires a very small amount of particulate sample 
(micrograms or even less) in the form of a dilute dispersion (e.g. in a 105 · mL-1 particle 
concentration), so there is not even need for a dry sample; ii) it works for open and 
closed pores equally well; iii) the measurement and calculation is quick and simple, and 
only needs the external diameter of the particle (from e.g. electron microscopy or 
dynamic light scattering (DLS) measurements) as input. The overall porosity 
determined can also be used to calculate the density of the particles, a feat which is also 
not easy to achieve from such a small amount of sample.    
 
Keywords: porous nanoparticles, mesoporous nanoparticles, hollow nanoparticles, 
spICP-MS, porosity, pore volume, density  
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1. INTRODUCTION 
These days the significance of nanotechnology can hardly be overemphasized. 
Numerous scientific and industrial fields (e.g. medicine, 
pharmaceutical/chemical/electronic/vehicle industry, etc.) exploit the unique 
properties of nanomaterials. Design, synthesis and testing of engineered nanoparticles 
(NPs) and submicron particles are highly active research areas in materials science, 
which therefore require the continuous development of analytical NP characterization 
techniques [1, 2]. Main NP properties include morphology, size, structure, composition, 
density and porosity.     
The overall porosity (𝜙) is typically defined as a ratio of pore (void) volume (Vp) to 
the total volume (Vt) of a material: 𝜙 = 𝑉௣/𝑉௧. The word porosity is also used as a generic 
term, implicitly incorporating other related characteristics such as pore morphology 
(e.g. pore volume, pore size) or specific surface area [3-6]. Porosity has a profound 
impact on particle chemistry, due to the facts that i) it can make the particles permeable, 
and ii) an increase in specific surface area boosts the activity of the surface and the 
adsorption of molecular species [7, 8], thereby promoting various industrial and 
environmental science applications [5]. For example, porous silica particles find wide-
scale application as catalyst supports (also in nanocomposite catalysts), adsorbents, 
molecular sieves, chemical sensors, etc. [9-13]. Recent research also found mesoporous 
silica particles to be very promising medical drug carriers [14]. Mesoporous TiO2 is 
widely recognized as a photocatalyst, and it is also utilized in solar cells, lithium-ion 
batteries, biosensors and cancer therapy [15, 16]. Mesoporous Co3O4 particles are 
exploited in the fields of energy storage, semiconductor industry and catalysis [17, 18].  
Due to their above outlined importance, the determination of the porosity of 
nanoparticles, especially mesoporous particles with pore sizes in the 2-50 nm range, is 
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crucial. Although well-established techniques (e.g. Brunauer-Emmett-Teller (BET) gas 
adsorption, gas expansion, small angle X-ray scattering (SAXS) and electron microscopy 
imaging (SEM, TEM), etc.) are available for porosity determination, but they all have 
limitations in terms of pore size range, accuracy, required sample amount and sample 
preparation [19, 20]. Also, many techniques can only determine the accessible 
(connected) pore volume, leaving closed pores out of calculations. Some of the 
techniques are used only comparatively, e.g. allow the comparison of the porosity of 
particles through the determination of some related particle characteristics, such as 
specific surface area. There are only two, truly NP-dedicated techniques: TEM and 
focused ion beam SEM (FIB-SEM). Related reviews [19, 20] and Table 1. give an 
overview of the commonly used techniques.  
 
Table 1. An overview of some characteristics of porosity determination techniques 
 
Method Pore size range Pore types Sample amount Comments 
Saturation 
(gravimetry) 
macropores  
(> 50 nm) open min. 1 g dry sample 
Buoyancy 
(gravimetry) 
macropores  
(> 50 nm) open min. 1 g dry sample 
Gas expansion 
(He, Boyle) 
all pore sizes  
(1 nm to 100 µm) open min. 1 g dry sample 
Gas 
adsorption 
(N2, BET) 
all pore sizes 
(2 nm to 100 µm) open min. 1 g dry sample 
Hg intrusion all pore sizes (3 nm to 350 µm) open min. 1 g 
dry sample, 
compressible structures 
can not be measured 
SAXS/SANS all pore sizes  (1 nm to 100 µm) 
open and 
closed min. mg 
dry sample, pelletized 
or cut to a thin slice 
X-ray nano 
tomography 
macropores 
(> 50 nm) 
open and 
closed µm-mm particles dry sample 
TEM 
meso- and 
micropores (e.g.  
1 nm to 100 nm) 
open and 
closed many NPs 
dry sample, only for 
particles smaller than 
ca. 100 nm 
FIB-SEM 
meso- and 
micropores (e.g.  
1 nm to 100 nm) 
open and 
closed single NP 
10-15 nm depth/slicing 
resolution 
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Single particle inductively coupled plasma mass spectrometry (spICP-MS) is a novel 
technique for the rapid characterization of the dilute dispersions of nano- and 
submicron particles. This technique is based on the recording of the time-resolved ICP-
MS signal, where the intensity (area) of the signal peaks generated by individual NPs is 
proportional to the number of analyte atoms in the detected NPs, which is also 
proportional to the size (diameter) or mass of particles. In case of compact, single 
component, spherical NPs, the measured intensity is in a cubic relation with the particle 
diameter. Through the evaluation of the signal histograms, the technique can provide 
information about the presence, size distribution, number concentration, elemental or 
isotopic composition of nanoparticles [21-24]. In our previous studies, we demonstrated 
that not only single component or homogenous (random) alloy spherical NPs can be 
analyzed, and additional information, such as the structure and aspect ratio, can also be 
obtained by the spICP-MS method [25, 26]. The spICP-MS analysis is fast (takes only a 
couple of minutes) and the required sample volume is small (a few mL). For most 
monometallic NPs, typical size detection limits range from ca. 10 to 40 nm [27]. 
Kálomista et al. [24] and later Bolea-Fernandez et al. [28] showed that the 
collision/reaction cell technology can be used advantageously in spICP-MS 
measurements as well for diminishing spectral interferences without sacrificing much of 
the size detection limits or precision of the obtained data. 
Our concept in the present study was that by comparing the spICP-MS signal peak 
intensities (areas) from solid, fully compact spherical particles to the signal from porous 
particles of the same composition and size, one can potentially determine the “relative 
compactness” of particles. This information can then be combined with particle 
diameter or volume data from other NP characterization techniques, such as electron 
microscopy or dynamic light scattering, towards the calculation of the total pore (void) 
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volume, porosity and density of nanoparticles. Of course, practical execution of the 
analysis is made possible via spICP-MS size calibration, thereby eliminating the need to 
use particles of the same size. If it proves to be accurate, our new method can make 
spICP-MS a very useful addition to the toolset of NP porosity characterization methods, 
as it potentially has a unique combination of exceptional features including that i) it only 
requires a very small amount of nanoparticles (e.g. micrograms), ii) also works for 
almost any nm-sized pore structure (as opposed to e.g. the immersion techniques) iii) 
works directly in dispersion form, so there is no need to evacuate adsorbates from the 
pores prior to the measurement (as opposed to e.g. gas adsorption techniques), iv) the 
analysis and data evaluation are simple and quick.    
In the present study, we tested the performance of our new spICP-MS concept on 
several NPs with different porosity and composition (Au, Au-Ag and SiO2) that we either 
purchased commercially or synthesized in our laboratory. The spICP-MS porosity, pore 
volume and density results were compared to values determined by reference methods 
(e.g. transmission electron microscopy, small angle X-ray scattering (SAXS) and BET gas 
adsorption measurements).  
 
2. EXPERIMENTALS 
2.1. Instrumentation and data evaluation 
An Agilent 7700x quadrupole ICP-MS instrument (Agilent Technologies, California, USA) 
was used in all spICP-MS experiments. Sample introduction was performed by using an 
Agilent I-AS autosampler and a Micro Mist pneumatic nebulizer equipped with a Peltier-
cooled Scott-type spray chamber. Data acquisition was performed in the time-resolved 
analysis (TRA) mode. Tuning of the ICP-MS was performed daily using tuning solutions 
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supplied by Agilent (No. G1820-60410). Experimental parameters relevant to spICP-MS 
were optimized prior to the measurements. Plasma sampling depth was optimized using 
the signal-to-noise ratio as objective function [25]. Dwell time (called integration time in 
the Agilent nomenclature) was decreased for 28Si in order to lower the contribution of 
background to the measured signal. NP dispersions measured were diluted to a 2.5-
5·104 mL-1 concentration in order to avoid signal peak overlaps, while the acquisition 
time was increased to ensure the detection of a sufficient number of particles that allows 
for statistically reliable results. The used experimental parameters are summarized in 
Table 1. for all the three elements (Si, Ag, Au) analyzed. 
 
Table 1. Summary of the ICP-MS instrumental and data acquisition settings applied 
Experimental parameters Silicon Silver Gold 
Monitored isotope 28Si 107Ag 197Au 
RF forward power (W) 1550 1550 1550 
Plasma gas flow rate (L·min-1) 15  15 15 
Carrier (nebulizer) gas flow rate (L·min-1) 1.05 1.05 1.05 
Sampling depth (mm) 6.0 10.0 10.0 
Sample uptake rate (µL·min-1) 600  600 600 
Dwell time (ms) 3 6 6 
Data acquisition time in TRA mode (s) 120 60 60 
 
 
Single particle ICP-MS data evaluation is based on signal histograms (counts vs. 
detection frequency diagrams) [22, 29]. Background correction was carried out by 
subtracting the mode of the background peak (fittable by a Poisson function) from the 
mode of particle peak (fittable by a lognormal function) resulting the characteristic 
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intensity (proportional to analyte mass). Details of the spICP-MS particle size calibration 
and data evaluation were described in our previous works (e.g. [23, 25, 26]). Data 
processing was performed using Agilent MassHunter (Santa Clara, California, USA) and 
OriginLab Origin 8.5 (Northampton, Massachusetts, USA) software. 
SAXS was used to investigate the structure, porosity and specific surface area of 
silica NPs. SAXS curves were recorded with a slit-collimated Kratky compact small-angle 
system (KCEC/3 Anton-Paar KG, Graz, Austria) equipped with a position-sensitive 
detector (PSD 50M from M. Braun AG Münich, Germany) containing 1024 channels, all 
55 µm in width. Cu Kα radiation (1.5406 Aǒ ) was generated by a Philips PW1830 X-ray 
generator run at 40 kV and 30 mA.  
The surface area per unit volume (S/V) and the specific surface area (as) values 
were determined as: 
𝑆 𝑉 = 4 ∙ 𝑤ଵ⁄ ∙ 𝑤ଶ ∙ 𝐾௉ 𝑄⁄  
and 
𝑎௦ = 10ଷ ∙ 𝜌ିଵ ∙ 𝑆/𝑉 
where Kp is the Porod constant, Q is the invariant and ρ is the apparent density, while w1 
and w2 are the volume fractions of the solid phase and pores, respectively. Kp and Q were 
determined as: 
𝐾௉ = ℎଷ ∙ lim௛→ஶ 𝐼(ℎ) 
𝑄 = න 𝐼(ℎ) ∙ ℎ ∙ 𝑑ℎ
∞
଴
 
The scattering vector (h) was defined as h = (4·π·sinθ)/λ, where  is one-half of the 
scattering angle, and  is the measurement wavelength [30-32]. 
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TEM images were captured by a Jeol JEM-1400plus instrument (JEOL Ltd., Tokyo, 
Japan) using 120 keV acceleration voltage. The samples were dropped on a carbon film-
coated copper grid with 200 mesh (Agar Scientific, Essex, UK). SEM images of the 
synthesized silica NPs were recorded on a Hitachi S-4700 instrument operated at 20 kV 
acceleration voltage. Electron micrographs were analyzed by using the ImageJ open-
source software. 
BET specific surface area and the average pore diameter of the investigated porous 
particles were determined by the Barrett-Joyner-Halenda (BJH) method [33] using a 
Quantachrome NOVA 2200 gas sorption analyzer (Anton Paar GmbH., Graz, Austria) by 
N2 gas adsorption/desorption at 77 K. Before the measurements, the samples were pre-
treated in a vacuum (<0.1 mbar) at 473 K for 2 h. 
 
2.2. Synthesis and general characterization of nanoparticles 
Based on the work of Wang et al. [34], the synthesis of hollow Au NPs was optimized as 
follows. 2 mL of the tannin-stabilized Ag NPs were cleaned using centrifugation at 
12,000 rpm for 20 min. Then, the particles were dispersed by ultrasonic bath (37 kHz, 
15 min) into the same volume 80 mM CTAC solution, which was left undisturbed for 24 
h at 35 °C. To synthesize gold shells on the surface of Ag NPs, 32 µL 0.34 mM HAuCl4 
solution was added into the suspension and the reaction mixture was thermostated at 
80 °C for 2 h. The colloids were then allowed to cool to room temperature. The 
purification was carried out by ultracentrifugation at 7,000 rpm for 1 h. The obtained 
particles had a 77.9 nm external and 65.3 nm internal (pore) average diameters with 
standard deviations of 5.9 nm and 5.9 nm, respectively (Fig. 1).  
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Figure 1. Representative TEM images of the synthesized hollow Au NPs at two magnifications 
(panels A and B) with their external and pore diameter distribution (panels C and D) 
 
Porous silica particles were prepared by a process based on the Stöber method [35], 
using tetraethoxysilane (TEOS) precursor. The synthesis of the 373 nm particles was 
carried out by adding an ethanolic TEOS solution (containing 6.5 mL TEOS and 100 mL 
ethanol) in a dropwise manner to an ethanolic ammonia solution (prepared by mixing 
50 mL 25 w% ammonia, 35 mL distilled water and 55 mL ethanol) under constant 
stirring at room temperature. The thus obtained, white coloured dispersion was further 
stirred, then it was centrifuged at 4,000 rpm and the supernatant was discarded. The 
precipitate was washed with an ethanol-distilled water mixture and collected via two-
fold centrifugation. Finally, the particles were dried at 80°C overnight. Other size 
particles were obtained by modifying the composition and mixing ratio of the TEOS and 
ammonia solutions. The SEM micrographs and size distribution diagrams of the 
synthesized silica particles are shown in Fig. 2. 
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Figure 2. Typical SEM micrographs of the synthesized porous 
silica particles and their size distributions 
 
A SAXS-based reference method was used to determine the porosity of the silica 
particles. This method is based on density data measured by gravimetry corrected for 
the interparticle volume, according to Masalov et al. [36].  
The correctness of the porosity data was tested by the comparison of the specific 
surface area values determined by SAXS and BET, and they were found to be in good 
agreement (Table 2.).  
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Table 2. Characterization results of the synthesized mesoporous Stöber silica particles. 
Average particle 
diameter [nm] 
Specific surface area [m2·g-1] Average pore 
diameter [nm] BET SAXS 
373 335 330 2.36 
447 333 322 2.28 
464 323 318 2.32 
 
 
2.3. Materials and sample preparation 
For spICP-MS size calibration purposes, a series of gold, silver and silica standard 
dispersions, specified in Table 3., were obtained from Ted Pella (Redding, California, 
USA) and NanoComposix (San Diego, California USA) companies. These particles were 
used for spICP-MS size calibration purposes, as they are solid and spherical. Sodium 
citrate stabilized, silver-shelled gold nanospheres with 61 nm external and 31 nm core 
diameters (standard deviations: 6 and 3 nm, respectively) as well as 79 nm external and 
51 nm core diameters (standard deviations: 9 and 6 nm, respectively) were also 
obtained from NanoComposix. 
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Table 3. Characteristics of the standard (nano)dispersions used during spICP-MS size 
calibration. Data in brackets indicate the standard deviation of particle size according to the 
certificates. 
 
Particle type Average diameter [nm] Capping agent Distributor 
Gold NanoXact 
28.8 (3.6); 39.3 (3.2); 61.3 (8.7); 
75.4 (9.5) 
tannic acid Ted Pella 
Gold Ultra Uniform 47.8 (1.8); 99.4 (3.0) polyethylene glycol NanoComposix 
Silver NanoXact 
43.4 (3.2); 59.0 (5.0); 82.1 (5.5); 
95.7 (10.2) 
tannic acid Ted Pella 
Silica NanoXact 277 (12); 386 (11); 518 (20) - NanoComposix 
 
Before dilution and also directly before aspiration into the ICP-MS, the dispersions 
were sonicated in an ultrasonic bath for 10 min (Bransonic 300, Ney, Danbury, 
Connecticut, USA) in order to minimize particle aggregation. Dispersions were diluted 
with trace-quality de-ionized labwater from a MilliPore Elix 10 device equipped with a 
Synergy polishing unit (Merck GmbH, Darmstadt, Germany) prior to analysis. The 
99.996% purity argon gas used in the ICP-MS experiments was purchased from Messer 
Hungarogáz. 
For the synthesis of hollow Au NPs, the solid, 82.1 nm NanoXact Ag particles were 
used as templates. Hexadecyltrimethylammonium chloride (C19H42ClN, 50% solution in 
a 3:2 mixture of 2-propanol and water), the gold(III) chloride trihydrate (HAuCl4 × 3 
H2O, ≥ 99.9%), as well as all analytical grade chemicals used for the synthesis of Stöber 
SiO2 particles were obtained from Sigma Aldrich (Merck GmbH, Darmstadt, Germany). 
For the synthesis, all chemicals were used without any further purification and the stock 
solutions were freshly prepared using trace-quality de-ionized labwater.  
 
3. RESULTS AND DISCUSSION 
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3.1. Analysis of core-shell NPs 
As initial test samples, core-shell NPs were used. Taking advantage of the elemental 
selectivity of ICP-MS analysis, NPs can be considered as hollow objects, if only the 
material in the shell is analyzed. This way, a virtual porosity can be assigned to them for 
the sake of this test. Using the certification data of the analyzed core-shell particles, the 
volume of the shell (Ag content) can be calculated by subtracting the volume of the core 
from the total volume of the nanoparticle: 
𝑉௦௛௘௟௟ = 𝑉௧௢௧௔௟ − 𝑉௖௢௥௘ =
𝜋
6
· (𝐷௘௫௧.ଷ − 𝐷௖௢௥௘ଷ ) 
The porosity can then be determined by dividing the calculated Vshell by the Vtotal 
volume devised from the certified diameter of the particles: 
𝜙 =
𝑉௦௛௘௟௟
𝑉௧௢௧௔௟
 
In our study, silver shelled gold NPs in two sizes were analyzed by spICP-MS. To quantify 
the amount of silver (shell) contained in the particles, spICP-MS size calibration was 
carried out using standard NP dispersions according to the method described earlier 
[26]. Volume of the shell can be thus calculated from the calibration plot, and hence, 
ϕspICP-MS can be determined by dividing the measured Vshell by the certified Vtotal. The 
comparison of theoretical (based on diameter data taken from the certificate of the 
commercial NPs) and measured formal porosity values are presented in Table 4.  As can 
be seen, the formal porosity results determined by spICP-MS are in a good agreement 
with theoretical values and the precision is also very good (<1 RSD%). We would also 
like to add that by taking advantage of the selectivity of ICP-MS measurements, the 
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porosity of different structural parts of complex NPs, made up by different elements, can 
also be separately investigated. 
 
Table 4. Comparison of theoretical and experimental (sp-ICP-MS) porosity data  
for Au-Ag core-shell (virtually porous) test NPs. RSD% data are calculated by also considering 
the propagation of uncertainty from the particle size.  
 
Dext. [nm] ϕtheor. [%] 
spICP-MS 
ϕ [%] RSD [%] 
61 11.9 14.6 0.4 
79 26.9 24.7 0.8 
 
 
3.2. Analysis of hollow NPs 
As opposed to core-shell NPs, hollow particles are actually porous nanoobjects with one 
large closed pore. For the purposes of our investigations, hollow Au NPs were 
synthesized by the galvanic replacement method (detailed in section 2.2.). After 
performing size calibration, the Au content of the shell of the hollow NPs can be 
obtained by spICP-MS. ICP-MS is not capable of determining the external diameter of a 
hollow NP (since it only detects the mass of analyte shell), but the pore volume and  
ϕspICP-MS can be calculated taking external diameter data from e.g. electron microscopy 
measurements. A reference TEM-based value for the porosity (ϕTEM) was obtained by 
using the external and pore diameter data taken from electron micrographs (see 
section 2.2.). Results of porosity analyses are summarized in Table 5. As it can be seen, 
the accuracy and precision of the spICP-MS result is decent again, however the spICP-MS 
porosity is ca. 8% lower than its TEM counterpart. Here, it can be assumed that the 
purely imaging-based TEM result carries a positive error. The reason for this lies in that 
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the TEM porosity determination assumes a fully compact (non-porous) Au shell, 
whereas it is known that the galvanic replacement process loosens the packing of the 
shell. It is because the synthesis sacrifices the material of the core (here: Ag) via 
oxidation and the silver ions diffuse out from the core into the liquid matrix through the 
Au shell [34]. In other words, ϕTEM for hollow particles does not take into account void 
volumes in the shell (e.g. intrawall pores) and so it tends to underestimate the overall 
particle porosity. The porosity of the shell of hollow NPs alone was found in some 
studies to be as high as 30% [20]. At the same time, the spICP-MS signal is proportional 
to the actual number of Au atoms in the shell, thus ϕspICP-MS is much closer to the true 
value.  
 
Table 5. Comparison of the results of porosity determinations of hollow and porous NPs. RSD% 
data for the TEM and spICP-MS methods are calculated by also considering the propagation of 
uncertainty from the particle size. 
 
Sample Dext. [nm] 
Reference method spICP-MS 
Method ϕ [%] RSD [%] ϕ [%] RSD [%] 
Hollow Au 77.9 TEM 58.9 3.0 66.7 1.5 
Stöber SiO2 373 SAXS 53.2 0.4 54.5 3.8 
Stöber SiO2 447 SAXS 46.6 0.5 47.5 2.9 
Stöber SiO2 464 SAXS 51.8 0.4 53.0 2.5 
 
At this point we would like to emphasize that there are added benefits of using ICP-
MS measurements for the porosity determination in spite of the fact that the calculation 
requires the knowledge of the external particle diameter to be taken from electron 
microscopy images. One even could argue that the availability of TEM imaging data 
makes the spICP-MS measurements redundant for spherical, hollow particles. Apart 
from the above outlined reasons explaining the better accuracy of spICP-MS porosity 
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determination for such particles, it can also be added that the characteristic external 
diameter data of NPs can also be obtained from scanning electron microscopy (also 
useful for larger, submicron particles, as opposed to TEM) or dynamic light scattering 
(DLS) measurements. The latter also has the benefit of working directly in dispersion, as 
spICP-MS.   
 
3.3. Analysis of mesoporous particles 
Mesoporous particles have an extensive pore structure, that is why they are often 
utilized as medical drug carriers and catalyst supports. In the present study, Stöber silica 
particles were synthesized in three sizes and investigated as representative samples for 
mesoporous NPs. spICP-MS porosity analysis was carried out on these particles in a 
similar manner to the other particles, whereas reference porosity data were obtained by 
a SAXS-based method (see Section 2.2.). As it can be seen in Table 5., the determined ϕ 
values were between 45 and 55% and there is a decent agreement (only 
<2% difference) between the spICP-MS and SAXS values. Please note that spICP-MS 
precision data also includes the standard deviation from the SEM particle diameter 
determination. The SAXS technique has a better precision owing to the much larger 
required amount of sample material (tens of milligrams as opposed to sub-micrograms), 
which provides better averaging. However, the limitation of the SAXS method is that it 
requires a dry powder sample and the knowledge of the particle density, which may not 
be known for newly synthesized complex NPs.   
 
3.4. Estimation of the porosity working range 
In spICP-MS, size detection limits (LODsize) for NPs play a similar role as LOD values in 
ICP-MS for solutions. As it was alluded to earlier, the minimum detectable particle size 
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values for spICP-MS are typically in the range of 10-40 nm [27] for pure metallic 
particles, depending on the abundance of the analyte isotope monitored. When working 
with alloy, oxide or other compound particles, the size detection limit values will 
substantially increase since the analyte only makes up a fraction of the particle mass. We 
postulate that the situation is similar in the case of porous particles, where the presence 
of pores decreases the mass of the analyte in a particle. Thus, if LODsize and the overall 
porosity is known for a solid particle, the size detection limit can be converted to the 
porous particle as 
𝐿𝑂𝐷௦௜௭௘,௣௢௥௢௨௦ =
𝐿𝑂𝐷௦௜௭௘,௦௢௟௜ௗ
(1 − 𝜙)ଵ/ଷ
 
For example, with our ICP-MS instrument we found a 232 nm LODsize for solid 
commercial SiO2 particles, whereas for our mesoporous Stöber silica particles, the 
calculation gives 292 nm minimum detectable particle size (using an average, 50% 
porosity value, c.f. Table 5.). A similar measurement and calculation also shows that the 
minimum detectable particle size for the hollow Au NP increases to 22.8 nm from 18.1 
nm for the solid Au NP. As an example, Fig 3. shows our experimentally recorded spICP-
MS size calibration curves for solid and porous SiO2 particles, and their slope is indeed in 
a nearly 2:1 ratio, as predicted. The slight deviation (1.92:1) is caused by that the 
porosity of the silica particles was not exactly the same 50% in all cases, but varied 
slightly between 46.6 and 53.2%. 
In terms of percent porosity, the lower LOD is definitely determined by the precision 
of the measurements (1-2 absolute %), while the upper LOD basically depends on the 
overall mass of single nanoparticles. The mass detection limit can be simply calculated 
by multiplying the bulk density and the particle volume obtained from the LODsize for 
solid particles. For silica it is 12.99 fg which, for example, enables the determination of 
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porosity up to 80.5% for a 400 nm spherical particle. As the mass detection limit for Au 
NPs is 44.92 ag, the porosity of a gold NP with a size of 80 nm can be theoretically 
measured up to 98.8%.  
 
 
Figure 3. Single particle ICP-MS calibration curves for solid and porous SiO2 particles. Error 
bars indicate the standard deviation from three parallel measurements. 
 
The maximum accurately measurable particle size is limited in spICP-MS by the 
ability of the plasma to fully atomize and ionize the particle during the transition 
(residence) time in the plasma. In addition to the above factors, this limit is also 
influenced by the dynamic capabilities of the ICP-MS detection electronics, as well as the 
density and boiling point of the compound [37], but generally it can be expected to shift 
upwards for porous NPs in a proportion similar to the shift of LODsize. Upper particle 
limits in the literature range from ca. 1 to 1.5 µm for solid silica [38] and ca. 200 to 250 
nm for solid Au particles [37, 39] – depending on RF power and plasma sampling depth 
settings, of course. In view of these and other data, it seems safe to state that spICP-MS 
porosity determination up to ca. 1-2 µm is possible. We would also like to add that the 
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above estimations for LODsize can also be used to obtain an upper limit value for porosity 
that can be measured in a given size of particle. 
Since an important aspect of porosity determinations is the pore size range in which 
the given method is capable of delivering porosity values, it is also relevant to assess the 
capabilities of the spICP-MS method in this regard. Obviously, spICP-MS is not capable of 
providing pore size distribution data as it only gives a single scalar value (signal 
response) for each NP, but the successful porosity determination of our Stöber silica 
particles and the Barrett-Joyner-Halenda [33] evaluation of their BET gas adsorption 
data can give us an indication about the pore size at which or above the spICP-MS 
porosity measurement is possible. In the case of these particles, the average pore size 
was found to be ca. 2.3 nm (see Table 2.), which suggests that spICP-MS porosity 
determination of NPs can be used in the whole mesoporous range (2-50 nm). Although 
pore detectability clearly also depends on the total pore volume, but this minimum pore 
size definition is as valid as the next one in the world of porosity determination methods 
[19, 20]. A further related benefit of our method is that not only open (connected, 
permeable) pores, but also closed ones are automatically included in the calculation. 
 
3.6. Density determination 
The simplest way to determine the density of materials is the Archimedes method. In the 
case of meso- or microporous particles, results from this method can easily carry error, 
as the applied wetting liquid may not be able to enter the pores due to their small size. It 
is also difficult to correct for interparticle (interstitial) voids in this classical method. At 
the same time, spICP-MS measurements can easily provide density values in these cases 
as well, directly in dispersion form, thus without the need to dry the sample, as it was 
described by Tadjiki et al. [40].  
21 
 
Here, we would like to point out to that spICP-MS porosity data obtained by our 
method can be easily converted to density, if the bulk density is known,  
𝜌௣௔௥௧௜௖௟௘ = (1 − 𝜙) ∙ 𝜌௕௨௟௞ 
As examples, we calculated the density of the hollow Au and SiO2 NPs used in the 
present study, using the bulk density of 19.30 g/cm3 and 2.65 g/cm3 of Au and SiO2, 
respectively [41]. The results, which be seen in Table 6., reveal that the spICP-MS 
density values determined this way agree quite well with densities obtained by 
reference (TEM and SAXS) methods. Due to reasons already discussed, the porosity and 
hence density results for the hollow Au particle can be more accurately determined by 
spICP-MS than by TEM.     
 
Table 6. Comparison of the results of porosity-based spICP-MS density  
determinations of hollow and porous NPs.  
 
Sample Dext. [nm] 
Reference method spICP-MS 
Method   [g·cm-3]  [g·cm-3] 
Hollow Au 77.9 TEM 7.93 6.43 
Stöber SiO2 373 SAXS 1.24 1.21 
Stöber SiO2 447 SAXS 1.28 1.39 
Stöber SiO2 464 SAXS 1.42 1.25 
 
 
4. CONCLUSIONS 
Porosity (and density) determination is of central importance for the characterization of 
nanoparticles. There are several established characterization techniques available for 
this task, but they all have limitations in terms of pore size range, accuracy, required 
sample amount and sample preparation, complexity of measurement, or their ability to 
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account for closed pores, too.. According to our results obtained with three different 
types of NPs of varying composition, size and porosity, our new, spICP-MS based 
porosity determination method was found to be quick, straightforward to use and to 
have accuracy and precision (e.g. 1-2 rel.%) comparable to those of the reference 
methods. It can be applied to nano- and sub-micron particles in the complete 
mesoporous pore range. The application to macroporous particles is also possible, but it 
is limited in size to particles that can be fully decomposed by the plasma (ca. 1-2 µm). 
The proposed new spICP-MS method provides an advantageous set of features that is 
unparalleled among the porosity determination methods. The overall porosity 
determined can also be used to calculate the density of the particles, a feat which is also 
not easy to achieve from such a small amount of sample. It also has to be added that 
although we used particle standards for size calibration of the spICP-MS signal, which is 
the way we consider to be the most accurate, but the spICP-MS literature also provides 
other calibration approaches based on standard solutions [42, 43], thus not even the 
availability of suitable particle standards can hinder the application of this new method. 
Finally, we would also like to draw the attention to that our method is potentially also 
capable of measuring the porosity of non-spherical particles, considering e.g. the 
equivalent behaviour of spherical and rod-shaped nanoparticles during the size 
calibration process found earlier [25]. In addition, via capitalizing on the selectivity of 
ICP-MS measurements, the porosity of different structural parts of complex, 
nanocomposite NPs can also be investigated.  
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